Introduction
A recent focus in the synthesis of diiron biomimetics of the active site of [FeFe]-hydrogenases centres on the incorporation of redox-active ligands [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] to the diiron centre such that communication between the two electrochemically active centres can be assessed, [1] [2] [3] since such communication between the diiron and tetrairon sites in the so-called Hcluster [2, [12] [13] [14] [15] controls the activity of the enzyme. In 2005, Pickett and co-workers reported a model complex, [Fe 4 S 4 (L) 3 {Fe 2 (CH 3 C(CH 2 S) 3 )(CO) 5 }] 2-{L = 1,3,5-tris(4,6-dimethyl-3-mercaptophenyl-thio)-2,4,6-tris(p-tolyl-thio)benzene}, in which the entire iron-sulfur framework of the active site of iron-only hydrogenase is assembled. [2] The {4Fe4S} site in this model catalyst is easier to reduce than the {2Fe3S} site, which can transfer the added electron to the latter site. [2] Reduction of the anchored cubane from {4Fe4S} 2+ to {4Fe4S} + has recently been achieved in the natural system, [16a-b] and the neighbouring {4Fe4S} relay [16c] and spectroscopic and theoretical studies have suggested that such electron transfer occurs during turnover in natural systems. [2, 14, 15] Pickett's model catalyst can reduce protons at low over-potentials, but its inherent frailty and structural intricacy makes it practically unfeasible.
Simple non-innocent redox-active ligands have attracted much attention in recent years as surrogates for the anchored cubane cluster. [1, 4, [8] [9] [10] [11] 17] In this context, we have synthesized diiron biomimetics containing the redox-active diamines, 2,2′-bipyridine (2,2′-bipy) and 1,10-phenanthroline (1,10-phen), ligands capable of coordinating to metals in a wide variety of oxidation states. [18] [19] [20] Thus, 2,2′-bipy can be doubly reduced and both the π-radical monoanion (2,2′-bipy)˙-and the diamagnetic dianion (2,2′-bipy) 2- have been crystallographically characterised. [21] [22] [23] [24] Consequently, 2,2′-bipy is able to support metals from across the periodic table [25] [26] [27] [28] [29] [30] [31] and its complexes have numerous applications [18, 19, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . For example, [Ru(2,2′-
is the most widely studied one-electron photo-redox catalyst and has facilitated significant advances in energy storage, hydrogen and oxygen evolution from water and methane production from carbon dioxide. [18, 19, [32] [33] [34] [35] Furthermore, the iron complex [Fe (1,10-phen) 3 ] 3+ is widely used as a coordinatively saturated, one-electron oxidant, a redox indicator, and in model compounds of biologically active substances. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] In 2007, Schollhammer and co-workers reported the first example of a [FeFe]-biomimetic diiron complex containing a chelating diamine, namely [Fe 2 (CO) 4 (κ 2 -1,10-phen)(µ-pdt)] (2-pdt) (pdt = SCH 2 CH 2 CH 2 S) (Chart 1). [10] Subsequent work showed that this complex protonated upon addition of HBF 4 ·Et 2 O to afford the bridging hydride, [Fe 2 (CO) 4 (κ 2 -1,10-phen)(µ-H)(µ-pdt)][BF 4 ], which displayed poor thermal stability. [8] In contrast, the related azadithiolate complex, [Fe 2 (CO) 4 (κ 2 -1,10-phen)(µ-adt)] (2-adt) (adt = SCH 2 N i PrCH 2 S), undergoes protonation exclusively at the bridgehead nitrogen. [9] More recently, Jones and co-workers have reported a detailed study of the related 2,2′-bipyridine complex, [Fe 2 (CO) 4 (κ 2 -2,2′-bipy)(µ-pdt)]
(1-pdt), [11] which also protonates slowly at the metal-metal bond upon addition of strong acids.
The electrochemistry of the latter was probed, the reductive chemistry being interpreted in terms of two closely spaced one-electron processes associated with the diiron centre and the 2,2′-bipy ligand. The nature of the dithiolate backbone has a subtle but significant impact on the reductive behaviour of [Fe 2 (CO) 6 (µ-dithiolate)] complexes, as evidenced by the variety of products that result from the transfer of one and two electrons into such compounds, [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] and the dithiolate bridge exerts significant influence on the electrocatalytic pathway. [8, 9, 11] We therefore prepared 
Results and discussion

Synthesis and characterisation
The 2,2′-bipy complex [Fe 2 (CO) 4 The two complexes were characterized by single crystal X-ray crystallography, the results of which are summarised in Fig. 1 and Table 1 . The crystallographic analysis of 1-edt was straightforward, and the structure consists of a single molecule that contains a plane of symmetry incorporating the heavy atoms of the edt bridge and bisecting the iron-iron vector.
For 2-edt, there are four independent molecules in the asymmetric unit with only minor differences being noted between the crystallographically independent molecules (Table 1) .
For each structure, the data were of a sufficiently good quality to enable location of all hydrogen atoms from difference maps, and these were refined isotropically. The two molecular structures are similar, the diamine binding in a chelating fashion and in a dibasal manner. [9] [10] [11] The Fe-Fe, Fe-S and Fe-N bond distances are unexceptional and do not differ significantly between the two, and are also quite similar to those found in 1-pdt [11] and 2-pdt [10] . A significant difference between the edt and pdt complexes is seen in the Fe-Fe-N bond (Fig. S1 ). [11] 2-edt 2-pdt [10] 2-adt [9] Fe-Fe Evidence of isomers is also seen in the IR spectrum of 1-edt, which is more complex than that of 2-edt. Specifically, two overlapping high-energy absorptions are seen at 2023 and in 1-edt is associated with the dibasal isomer. In contrast, both IR and NMR data suggest only the presence of the dibasal isomer in solution for 1-pdt. [11] Unlike 1-edt, the solution IR , characteristic of the dibasal isomer. [11] Given that IR frequencies are (to some extent) a measure of electrondensity on the diiron centre, this suggests that the 2,2′-bipy ligand in the dibasal position acts as a better σ-donor, creating a relatively electron-rich centre as compared to the basal-apical isomer. While related isomerism has been observed in diphosphine complexes of this type, [57] [58] [59] this does not lead to significantly different NMR spectra. The difference observed here may be important to later studies relating to the protonation and oxidation-reduction of the complex (vide infra). For example, protonation and oxidation are likely to be more favourable for the relatively electron-rich dibasal isomer, while reduction may be favoured for the apical-basal isomer.
Protonation studies
Schollhammer and co-workers [8] have shown that addition of HBF 4 ·Et 2 O to a CH 2 Cl 2 solution of 2-pdt at low temperatures results in the formation of a bridging hydride complex,
This has been crystallographically characterized but shows poor stability in solution at room temperature. Similarly, Jones and coworkers [11] have reported that 1-pdt protonates slowly (ca. associated with 2H + -pdt [10] and 2098, 2044 and 1970 cm -1 for 1H + -pdt [11] . We attempted to follow the protonation of 1-edt and 2- [61] , although in neither case has the SH proton being observed by NMR or has crystallographic confirmation been obtained. making protonation at sulfur impossible to determine on the basis of IR data. We thus favour, based on the similarity of our IR observations with those of Schollhammer [10] and Jones [11] and the crystallographic characterisation of [Fe 2 (CO) 4 [10] , formation of [Fe 2 (CO) 4 
Electrochemistry
The redox behaviour of 1-edt and 2-edt were studied in MeCN by cyclic voltammetry. Both show an irreversible reduction wave at E p = -2.05 V, together with an irreversible oxidative wave at E p = -0.18 V, suggesting that the nature of the diamine has little electronic impact upon the diiron core (Fig. 2) . Peak currents for 1-edt are consistently larger than those for 2-edt, which is also observed for the free diamines that show a single reduction wave at E p = - reduction at E p = -2.06 V is a two-electron process, and suggested that one electron is associated with the diiron centre and the second with the 2,2′-bipy ligand. [11] This is consistent with the reduction potentials of the free diamines that are expected to show a positive shift due to the removal of electron density upon coordination to iron (Fig. S3) . A plot of the current function (i p /√ν), associated with the reduction of 1-edt and 2-edt, against scan rate (ν) shows that it deviates from linearity only at very slow scan rates, i.e. the electrode process tends towards a one-electron transfer on the shorter time scale, otherwise the reductions are two-electron electrode processes (Fig. S4) . No significant change has been observed on the CVs of the two complexes when the scan rate is varied (0.025 to 1 V/s) (Figs.
S5 and S6). , it would appear that a semi-bridging carbonyl ligand has not been generated.
Density functional theory (DFT) calculations
In order to understand the sequence and consequences of electron addition to these complexes we have carried out a series of DFT calculations on 2-edt, (2-edt)
Initially we optimized the ground-state structure of 2-edt, and the obtained structural parameters agree well with those of the X-ray crystal structure (Fig. S8) . The major component of the HOMO is the iron-iron bonding orbital (Fig. 3, left 4 ]. The LUMO of 2-edt is predominantly 1,10-phen π* character in nature but also has a small iron-iron anti-bonding component (Fig. 3, right) . The calculated iron-iron bond length of 2.558 Å is close to that of 2.548(1) Å (av.) found in the solid state. were not successful, collapsing to the aforementioned singlet. The SOMO (Fig. 4, right) is very similar in nature to the SOMO of 2-edt -, being mainly phenanthroline-based. The second singly occupied orbital, SOMO-1 (Fig. 4, left) , lies ca. 12 kcal mol 
Electrocatalytic studies
Electrocatalytic proton reduction effected by 1-edt (Fig. 5 ) and 2-edt (Fig. 6 ) was investigated in MeCN using CF 3 CO 2 H as the proton source. Attempts to study the catalysis using stronger acids, e.g. HBF 4 ·Et 2 O or p-toluenesulfonic acid (p-TsOH), which were used for the catalytic study of 1-pdt, were unsuccessful as both 1-edt and 2-edt degrade rapidly in the presence of these acids. Upon addition of one molar equivalent of CF 3 CO 2 H, CVs of both complexes show two new reduction peaks (at -1.68 and -1.89 V for 1-edt and at -1.70 and -1.98 V for 2-edt) in addition to the peak at -2.05 V. All three peaks grow with increasing acid concentration, which is characteristic of electrocatalytic proton reduction. However, the catalytic peak seen at the reduction potential of the neutral complexes (-2.05 V) disappears as the concentration of acid is increased (> 6 equivalents for 1-edt and > 2 equivalents for 2-edt). This is in contrast with the results obtained for 1-pdt, for which the catalytic peak at the reduction potential of the neutral species was the prominent reduction feature throughout the experiment. This can be explained by comparing the rate of protonation of the edt and pdt complexes. While 1-pdt undergoes slow protonation in the presence of strong acid (HBF 4 ·Et 2 O; pK a ≈ 0.1 in MeCN) [62] , protonation of the edt complexes are relatively fast even in the presence of CF 3 CO 2 H (pK a ≈ 12.7 in MeCN) [62] . responsible for the catalytic current at this potential. The current of the first reduction peak levels off at higher acid concentration and reaches a plateau after addition of 6 equivalents of acid, which indicates an acid-independent rate-limiting step such as the liberation of H 2 under these conditions. In contrast, the second reduction wave increases linearly with acid concentration indicating another proton reduction process at this potential (Fig. S10) .
The catalytic mechanism of 1-pdt proposed by Jones and co-workers is shown in Scheme 3.
[11]
Since 1-pdt is protonated slowly by a strong acid (HBF 4 ·Et 2 O), these authors suggest (1-pdt). [11] In contrast, the peak at the reduction potential of 2-edt disappears after addition of 3 equivalents of CF 3 CO 2 H and the CV shows two reduction peaks associated with 2H + -edt.
Since 2-edt undergoes relatively rapid protonation at low concentration of CF 3 CO 2 H, even in the presence of a large amount of electrolyte that reduces the strength of CF 3 CO 2 H, we surmise that it follows a different, but relatively simple, mechanism for electrocatalytic proton reduction that is shown in Scheme 4. According to this mechanism, H 2 evolution at the first reduction potential takes place via either CECE or CEEC pathways (Scheme 4). The neutral complex undergoes protonation, followed by reduction, to form the neutral hydride species [FeFeH]. This can then either react with a second proton followed by reduction at a low potential, or undergo a further reduction at a more negative potential before reacting with a second proton, which accounts for the reduction of protons at the potential of the second catalytic wave (Scheme 4). However, at low acid concentrations, due to the slow rate of protonation, some 1-edt is present and it will follow the same EECC mechanism that has been proposed for 1-pdt [11] (Scheme 5). Electrocatalysis of 1-edt and 2-edt with HBF 4 ·Et 2 O were unsuccessful since both degrade upon addition of a slight excess of HBF 4 ·Et 2 O into the electrochemical cell. (1-edt) during electrocatalytic proton reduction at low acid concentrations. [11] Since the cationic hydrides 1H + -edt and 2H + -edt are the dominant active electrocatalytic species in solution for these edt complexes, we have calculated the ground state electronic structures of 2H + -edt in order to get insight into the role of the diamine in the catalysis, since the ligand is involved in the two-electron reduction process of the neutral complexes. As discussed above, both 1H + -edt and 2H + -edt can exist in two isomeric forms (apical-basal and dibasal) when protonation is carried out by CF 3 CO 2 H. The ground state electronic structure of both isomers of 2H + -edt have been calculated by DFT methods (Figs. S11 and S12). Although the energies of the frontier orbitals of the isomers are quite similar, the orbital composition is different. The HOMO of the dibasal isomer contains π character from the 1,10-phen ligand whereas that of the apical-basal isomer is primarily a metal-based orbital with the largest iron contribution originating at the 1,10-phen-substituted iron center.
Interestingly, the opposite situation is observed for the LUMOs of these isomers, which indicates that the frontier orbitals of these cationic hydrides undergo orbital inversion when the diamine moves from dibasal to apical-basal conformation, and vice-versa. Calculations also show that the energy required for the conversion of the apical-basal isomer to the dibasal isomer is > 35 kcal mol -1 , which is very high, and a simple tripodal rotation of the ligands at the Fe(CO)(phen) moiety is not energetically feasible by this path. Thus, we assume that electron transfer to the diiron core during catalysis, involving the cationic hydrides 1H + -edt and 2H
+ -edt as the active species in solution, also occurs (at least partially) via the diamine ligands, a phenomenon that is also observed when the neutral complexes 1-edt and 2-edt are the only active catalytic species in solution (Scheme 5).
Conclusions
The diiron complexes [Fe 2 (CO) 4 show that the diamine occupies basal sites in the solid-state for both complexes, while both dibasal and apical-basal isomers are present in solution. This is in contrast with what is observed for their pdt analogues, which exist only in dibasal form both in the solid state and in solution. [10, 11] We suggest that in 1-pdt and 2-pdt, the non-bonding interactions between the diamine ligand and the extra methylene group of the dithiolate backbone prevents the formation of the apical-basal isomer. Both 1-edt and 2-edt readily protonate, but the protonated products show limited stability in the presence of air. Protonated 1H + -edt and 2H + -edt probably exist in both dibasal and apical-basal forms in the presence of moderately strong acid (CF 3 CO 2 H), while a single isomer is observed when strong acid (HBF 4 ·Et 2 O) is used as the proton source, indicating that the rate of conversion to the thermodynamically more stable isomer depends on the strength of acid.
Both 1-edt and 2-edt show single irreversible oxidation and reduction waves at E p = -0.18 V and E p = -2.05 V, respectively, in MeCN, the latter being proposed to be a two-electron process with one electron being associated with the diiron centre and the second with the diamine ligand, a feature also proposed for 1-pdt. [11] DFT calculations on 2-edt show that the first electron goes onto the phenanthroline ligand in an orbital with significant π* character.
The addition of the second electron affords an open-shell triplet dianion upon the population of an orbital with significant Fe-Fe σ* character. This leads to significant lengthening of the iron-iron bond and possibly accounts for the observed irreversible two-electron reduction of 2-edt resulting from structure-induced orbital inversion. The proton reduction ability of the complexes has been studied in MeCN using CF 3 CO 2 H as the proton source. These show that both complexes are able to catalyse proton reduction in the presence of the moderately strong acid CF 3 CO 2 H, but the catalytic pathways differ due to the relative ease of protonation. This leads to different mechanisms for proton reduction by 2,2′-bipy and 1,10-phen complexes, owing to the different rates of protonation. At low acid concentrations, due to the slow protonation of 1-edt, both 1H + -edt and 1H-edt are proposed to be the active electrocatalytic species, a scenario that is similar to that proposed for 1-pdt. In contrast, rapid protonation of 2-edt even at low acid concentrations suggests that 2H + -edt is the only active catalytic species during electrocatalytic proton reduction. Theoretical studies indicate that electron transfer to the diiron core during catalysis always occurs (at least partially) via the diamine ligands in all scenarios. This study reveals that although the electronic impact of both 2,2′-bipy and 1,10-phen on the diiron core are similar, the resultant diiron complexes undergo protonation at different rates, which significantly influence the catalytic pathways followed.
This may to some extent be a result of the interaction between redox-active diiron and ligand centres although further work is required to fully establish this.
Experimental section General
Unless otherwise noted, all the reactions were carried out under a nitrogen atmosphere using The resulted solution was then transferred into a solution IR cell fitted with calcium fluoride plates, and a series of spectra were recorded as a function of time.
Electrochemical Studies
Electrochemistry was carried out either in deoxygenated MeCN with 0.1 M TBAPF 6 as the supporting electrolyte. All CVs were obtained using a conventional three-electrode cell setup under an argon atmosphere. The working electrode was a 3 mm diameter glassy carbon electrode that was polished with 0.3 µm alumina slurry prior to each scan. The counter electrode was a Pt wire, and the quasi-reference electrode was a silver wire. All CVs were referenced to the Fc + /Fc redox couple. An Autolab potentiostat (EcoChemie, Netherlands) was used for all electrochemical measurements. Catalysis studies were carried out by adding equivalents of CF 3 CO 2 H (Sigma-Aldrich).
Crystal structure determination of 1-edt and 2-edt
Single crystals of 1-edt and 2-edt were mounted on glass fibres, and all geometric and intensity data were taken from these samples using a Bruker SMART APEX CCD diffractometer using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at 150 ± 2 K.
Data collection, indexing and initial cell refinements were all done using SMART software. [64] Data reduction were carried out with SAINT PLUS, [65] and absorption corrections applied using the programme SADABS [66] . Structures were solved by direct methods and developed using alternating cycles of least-squares refinement and difference-Fourier synthesis. All nonhydrogen atoms were refined anisotropically. Hydrogen atoms were located from difference maps and refined isotropically. Structure solution used SHELXTL PLUS V6.10 program package. [67] Crystallographic data for 1-edt: dark green block, dimensions 0.34 × 0.14 × 0.11 mm 
Density functional theory (DFT) calculations
All calculations were performed with the hybrid DFT functional B3LYP, as implemented by the Gaussian 09 program package. [68] This functional utilizes the Becke three-parameter exchange functional (B3), [69] combined with the correlation functional of Lee, Yang and Parr (LYP). [70] The iron atoms were described by Stuttgart-Dresden effective core potentials (ecp) and a SDD basis set, while the 6-31+G(d′) basis set, as implemented in the Gaussian09 program suite, was employed for the remaining atoms. The geometry-optimized structures contain zero imaginary. The computed frequencies were used to make zero-point and thermal corrections to the electronic energies; the reported free energies are quoted in kcal mol -1 . The natural charges and Wiberg bond indices reported here were computed using Weinhold's natural bond orbital (NBO) program, as executed by Gaussian 09. [71, 72] The geometryoptimized structures have been drawn with the JIMP2 molecular visualization and manipulation program. [73, 74] CASCaM. Prof. Michael B. Hall (TAMU) is thanked for providing us a copy of his JIMP2
program, which was used to prepare the geometry optimized structures reported here. 
